). Specifically, two class IV largest and second-largest subunit genes were predicted, implying All eukaryotes have three nuclear DNA-dependent the existence of a nuclear RNA polymerase IV (Pol IV) RNA polymerases, namely, Pol I, II, and III. Interestdistinct from eubacterial-type RNAPs of chloroplasts, ingly, plants have catalytic subunits for a fourth from mitochondrial polymerase, or from RNA-depennuclear polymerase, Pol IV. Genetic and biochemical dent RNA polymerases (RdRP).
clade exists. In both Arabidopsis and rice, there are two or an nrpd2b-1 allele but not both, unless a meiotic recombination event occurred between the two genes. NRPD2 genes (NRPD2a and NRPD2b) that were apparently duplicated after monocots and dicots diverged.
We then identified the latter rare recombinants that had one wild-type chromosome 3 and one chromosome 3 Multiple alignments revealed that NRPD2 proteins closely resemble their Pol I-III homologs, whereas bearing both the nrpd2a-2 and nrpd2b-1 alleles, allowed these to self-fertilize, and genotyped their progeny. Plants NRPD1 sequences frequently lack amino acids that are invariant in Pol I-III largest subunits, including amino homozygous for both nrpd2a -2 and nrpd2b-1 (referred to as nrpd2 double mutants or simply nrpd2 in the reacids near the active site (see Figures S1-S4 in the Supplemental Data available with this article online).
mainder of the paper) were recovered, demonstrating that NRPD2 is nonessential for viability. Siblings that Therefore, we focused our studies on NRPD2 but also subjected nrpd1a mutants to a subset of the same aswere homozygous for the wild-type NRPD2 gene were also identified and used as controls in subsequent assays. NRPD1b was ignored because existing annotation suggested that this gene lacks essential C-tersays. This genetic strategy is likely to have segregated away any potential T-DNAs unlinked to NRPD2, but, if minal domains.
Only NRPD2a appears to be expressed in Arabidopsuch T-DNAs persist, they are as likely in the wild-type control plants as in their double mutant siblings. sis, based on existing EST (cDNA) sequences and by our inability to amplify NRPD2b RNA using RT-PCR or We tested whether NRPD2 might be functionally redundant with the NRPA2, NRPB2, or NRPC2 subunits 5# RACE. By contrast, NRPD2a sequences were readily amplified by PCR and by primer extension ( Figure S5) of Pol I-III by asking if any of these subunits were nonessential. We identified hemizygous individuals bearing to yield a full-length mRNA sequence (GenBank accession number AY862891).
T-DNA insertions in NRPA2, NRPB2, or NRPC2 and genotyped 60-80 of their progeny. Only homozygous wildSalk lines 046208, 109513, and 095689 contain the T-DNA-disrupted mutant alleles nrpd2a-2, nrpd2a-3, type and hemizygous progeny were obtained; no homozygous mutants were recovered (data not shown). and nrpd2a-1, respectively. Salk lines 008535 and 128428 contain the nrpd2b-1 and nrpd1a-3 alleles (Fig- These results indicate that NRPA2, NRPB2, and NRPC2 are essential genes, unlike NRPD2a and NRPD2b, and ure 1C). Plants homozygous for these alleles were identified by PCR or Southern blot analysis of segregating that NRPD2 genes do not complement nrpa2, nrpb2, or nrpc2 mutations. The nrpd2 double mutation also failed families. The nrpd2a and nrpd1a alleles are all recessive and cause equivalent molecular phenotypes (data to induce haploinsufficiency in plants hemizygous for nrpa2, nrpb2, or nrpc2 mutations, consistent with the below and data not shown).
interpretation that NRPD2 does not overlap functionally with Pol I, II, or III. NRPD2 Expression and Nuclear Localization RNA and protein blot analyses showed that NRPD2a is expressed throughout the plant but is most highly NRPD2 Does Not Copurify with DNA-Dependent expressed in flowers and roots (data not shown). In ho-RNA Polymerases I-III mozygous nrpd2a-2 mutants, no NRPD2 protein is deAmong Arabidopsis RNAP second-largest subunits, tectable ( Figure 1D ), indicating that nrpd2a-2 is a null NRPD2 is most similar to NRPB2 (Figure 2A) . Therefore, allele. Immunolocalization of NRPD2 showed it to be a we asked if NRPD2 copurified with RNA Pol II activity, nuclear protein that is concentrated in numerous disas might be expected if NRPD2 is an alternative Pol tinct foci ( Figure 1E Figure 1E , five of which are located at chromocenters phosphates into RNA using sheared template DNA, and five of which are at the edges of chromocenters. which allows polymerase initiation from broken DNA Similar association of NRPD2 with chromocenters was ends in a promoter-independent fashion (Schwartz and observed in all nuclei.
Roeder, 1974). Duplicate reactions were performed with and without α-amanitin, a potent inhibitor of RNA Pol II, and mean values were plotted ( Figure 2B ). CompariGenetic Analysis of NRPD Mutants To rule out any possible functional redundancy of son of the RNA polymerase activity profiles reveals a peak of activity that is inhibited by α-amanitin (fractions NRPD2a and NRPD2b, we generated lines homozygous for both the nrpd2a-2 and nrpd2b-1 alleles, which was 29-37), indicative of Pol II ( Figure 2B ). As expected, NRPB2 eluted in these fractions ( Figure 2C ). By conlaborious, because the genes are linked (w10 cM genetic distance). We first crossed nrpd2a-2 and nrpd2b-1 hotrast, NRPD2 eluted in fractions 15-18, suggesting that NRPD2 is not an alternative Pol II subunit. Immunoblotmozygotes to generate F1 individuals that were hemizygous for each allele. The F1 was then outcrossed ting of column fractions using an antibody against the 24 kDa subunit that is shared by Pol I, II, and III revealed with a wild-type plant such that all resulting progeny had a wild-type chromosome 3 and either an nrpd2a-2 a good correspondence between the presence of the 24 kDa subunit and RNAP activity. Surprisingly, the izes with chromocenters in wild-type nuclei ( Figure 3A ). However, in nrpd2 mutant siblings, the H3 dimethyl K9 sigpeak fractions for NRPD2a displayed no detectable RNAP activity. We conclude that NRPD2 is not an alternals are dispersed and colocalize with the numerous, small DAPI-positive foci ( Figure 3A ; Table S3 ). native subunit of a conventional DNA-dependent RNA polymerase. Table S3 Loss of NRPD1 or NRPD2 function causes the loss of cytosine methylation at pericentromeric 5S genes and DRM2 is responsible for de novo methylation in all sequence contexts (CG, CNG, and CNN); DDM1 is in-
Chromocenters involving NORs are relatively resistant to dispersal (Figure 3B
AtSN1 retroelements yet has no discernible effect on centromere repeat methylation. These observations volved in maintenance of methylation in all sequence contexts, and MET1 is primarily responsible for maintesuggest that Pol IV primarily affects facultative heterochromatin rather than constitutive heterochromatin, nance of CG methylation (reviewed in Bender [2004] ). DRM1 has no known function. CMT3 is primarily reconsistent with the localization of NRPD2 at foci that overlap or are adjacent to chromocenters but are not sponsible for maintenance of CNG methylation, so a CMT3 mutant has little effect on HpaII digestion (lane fully coincident with chromocenters. We propose that Pol IV acts on genes that cycle between decondensed, 7) but has a profound effect on MspI digestion (lane 16). Collectively, the results indicate that Pol IV affects euchromatic states and condensed, chromocenterassociated heterochromatic states, playing a key role 5S gene methylation in all sequence contexts (CG, CNG, and CNN). Interestingly, the highly methylated in the amplification of siRNAs that direct cytosine methylation to these genes when they become activated 180 bp centromere repeats are unaffected by nrpd1 and nrpd2 mutations ( Figure 4B be priorities for future studies.
AtSN1 methylation assays used~100 ng of DNA digested with HaeIII (or undigested for controls). Approximately 5% of digestion reacExperimental Procedures tion DNA was then used for each PCR reaction. PCR conditions were 2 min at 94°C, followed by 35 cycles of 94°C for 30 s, 53°C Plant Strains for 30 s, and 72°C for 30 s. Primer sequences for AtSN1 were the Arabidopsis mutants hen1-1, rdr2-1, dcl3-1, and dcl1-7 were profollowing: 5#-ACTTAATTAGCACTCAAATTAAACAAAATAAGT-3# and vided by Jim Carrington. met1-1 was provided by Eric Richards.
5#-TTTAAACATAAGAAGAAGTTCCTTTTTCATCTAC-3#. The At2g19920 cmt3i11 was provided by Judith Bender. sgs2-1 (alias sde1; rdr6) control was amplified using 5#-TCACCCGAACAGTTGGAAGAA was provided by Herve Vaucheret. Salk T-DNA insertion lines and GAG-3# and 5#-GTGAGGAACCGGTCCATTATTGCT-3#. PCR proother mutants were obtained from the Arabidopsis Biological Reducts were subjected to agarose gel electrophoresis. source Center (ABRC).
RNA and Immunoblot Analysis of NRPD2
In Situ Hybridization and Immunolocalization Emerging leaves of 21-day-old plants were fixed in ethanol:acetic RNA was isolated as described previously (Chen et al., 1998). RNA blots were hybridized to a probe generated by random priming of acid (3:1, v/v). Nuclei were prepared as described (Schwarzacher and Mosgoeller, 2000) . FISH using biotin-dUTP or digoxygeninthe NRPD2a 5# RACE cDNA product using standard methods (Sambrook For immunolocalization experiments, nuclei were fixed in 4% determined using a BCA (bicinchoninic acid) protein assay kit (PIERCE), subjected to SDS-PAGE on a 7.5% gel, and electroparaformaldehyde. H3 dimethyl K9 was localized using published methods (Houben et al., 1996) with antibody purchased from Upblotted to a PVDF membrane. Anti-NRPD2 and anti-NRPB2 antisera were raised in rabbits against peptides DMDIDVKDLEEFEA state Biotechnology. For NRPD2, slides were permeabilized with 10% DMSO, 3% NP-40 in PBS, before blocking with 1% BSA in and MEYNEYEPEEPQYVE of NRPD2a (At3g23780) and A. thaliana NRPB2 (At4g21710), respectively. Anti-Pol I+II+III rabbit antiserum PBS. Primary antibodies were diluted 1:100 in PBS, 1% BSA, and slides were incubated overnight at 4°C. Secondary antibodies were was raised against peptide GDKFSSRHGQKG, which is conserved in Pol I, II, and III second-largest subunits. Sera were affinity puriconjugated to rhodamine or fluorescein (Sigma). Chromatin was counterstained with DAPI in antifade buffer (Vector Laboratories). fied using peptides covalently linked to NHS-activated Sepharose resin (Pharmacia Biotech). Columns were washed with 3-5 column Nuclei were examined using a Nikon Eclipse E600 epifluorescence microscope and images collected using a Q-Imaging Retiga EX volumes of PBS (pH 7.0), 0.05% Tween-20; antibodies were eluted using 0.1 M glycine-HCl (pH 3.0) neutralized by addition of Tris-HCl digital camera. 
